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SECTION  I 


t 


INTRODUCTION  j 

Since  the  advent  of  multikilowatt  lasers,  it  has  become  apparent  that  ; 

there  may  be  significant  industrial  and  military  applications  for  such  laser 
systems.  In  particular,  the  Advanced  Radiation  Technology  Office,  Effects 
and  Vulnerability  Branch,  Air  Force  Weapons  Laboratory  (AFHL),  has  the  charter 
of  understanding  or  predicting  the  effects  of  high  power  laser  radiation  on 
various  types  of  materials.  Much  of  this  work  is  experimental  in  nature.  ; 

Data  has  been  obtained  over  the  past  several  years  on  various  high  power  laser 
devices  which  were  built  under  developmental  technology  programs.  Since  it 
is  desirable  to  perform  controlled  irradiations  of  speciman  targets,  a 
characterized  and  controllable  laser  source  is  required.  The  easiest  output 
beam  profile  to  employ  and  understand  is  one  having  a radially  symmetric,  i 

uniform  or  gaussian  intensity  distribution  not  varying  with  time.  The  lasers  ’ 

built  under  these  technology  programs  usually  did  not  meet  the  desires  of  the 
"effects"  experimenter.  This  led  to  the  decision  to  design  and  construct  a 
customized  multikilowatt  carbon  dioxide  continuous  wave  laser  to  serve  » 

as  a well -characterized  source  of  radiation  for  use  by  AFWL  personnel,  i 

contractors,  and  other  related  government  agencies.  I 

i 

The  original  goal  was  to  construct  a 5-kilowatt  open-cycle  laser  system  | 

that  would  produce  a circular  and  uniform  intensity  beam  profile.  After  | 

prototype  studies  were  completed,  Improvements  and  optimization  of  the  overall  | 

system  have  resulted  in  an  EDCL  which  operates  at  a very  high  combined 
electrical  and  mass  flow  efficiency.  The  final  device  operates  at  a power 
level  of  1 to  15  kW  for  0 to  15  seconds  with  push  button  operation.  It  can 
be  operated  easily  in  excess  of  one  hundred  times  per  day.  The  output 
Intensity  distribution  Is  circular  and  uniform,  and  the  output  power  is 
temporally  stable  and  repeatable  within  a few  percent. 

A duplicate  of  the  AFWL  EDCL  has  been  constructed  at  the  Air  Force 
Materials  Laboratory  (AFML),  Wrfght-Patterson  AFB,  Ohio,  with  consultant  support 
from  the  author.  Several  contractors  and  other  government  agencies  have 
expressed  interest  in  the  operating  characteristics  and  design  details  of 
the  laser.  It  is  the  Intent  of  this  report  to  provide  open  literature  access 
to  the  basic  engineering  considerations  and  design  approach  used  to  develop 
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the  AFWL  EDCL.  Lastly,  this  report  provides  background  Information  for  future 
users  of  the  laser  system  at  AFWL  and  AFML. 
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SECTION  II 


DESIGN 

A logical  approach  is  necessary  to  the  design  and  engineering  of  a 
reliable  high  power  laser.  Although  the  context  of  this  report  covers  the 
development  of  the  AFVL  EDCL,  the  fundamental  design  concepts  are  basic  to  all 
electric  discharge  flowing  gas  lasers.  This  section  is  subdivided  into  separate 
areas,  but  it  is  the  combination  of  this  Information  with  appropiate  experimen- 
tation that  leads  to  a well-engineered  laser  system. 

1 . GAS  FLOW  AND  VACUUM  SYSTEM 

The  inlet  gas  system  for  the  laser  is  shown  in  figure  1.  The  EDCL  is 
connected  to  300-psi  regulated  lines  which  come  from  a large  tank  farm.  The 
mass  flow  rate  of  the  individual  gases  are  set  by  remotely  loading  dome  regu- 
lators and  reading  the  pressure  and  temperature  upstream  of  the  "choked" 
orifice  plates.  The  or^ices  are  standard  sharp-edged  plates  with  discharge 
coefficients  of  0.60.  These  orifices  are  designed  to  indicate  "middle  of  the 
gaqe"  upstream  pressures  (readable  to  +5  percent)  for  the  particular  gas 
mixture  used  with  the  laser  operating  at  the  15-kilowatt  level.  The  carbon 
dioxide  supply  lines  are  preheated  such  that  the  flowing  gas  enters  the  laser 
at  approximately  300°K.  Typical  total  flow  rates  are  between  0 1 and  0.2  lbm/ 
sec.  The  system  is  capable  of  flowing  0.5  lb^/sec  for  each  gas  constituent. 

As  shown  in  figure  1,  the  selected  flow  goes  through  a "throttled"  ball 
valve  which  opens  slowly  to  avoid  initial  suraes  through  the  laser  cavity. 

This  valve  is  set  such  that  the  laser  comes  up  to  operating  pressure  within 
3 seconds.  The  gas  continues  through  an  axial  mixing  chamber  and  feeds  two 
axial  reservoirs  each  made  of  4 Inch  I.D.  x 36  inch  glass  pipes.  Each  reser- 
voir feeds  four  1-5/8  inch  I.D.  vacuum  hose  lines  with  the  gas  entering  each 
end  of  the  laser  through  equally  spaced  coaxial  ports.  This  entry  section  is 
described  In  detail  later  in  this  report.  The  flow  continues  through  the  laser 
cavity  and  Is  exhausted  via  a 10  inch  I.D.,  150-foot  long  line  connected  to  a 
28- foot  diameter  sphere.  The  sphere  is  continually  pumped  out  by  a 6000-cfm 
Roots  blower.  This  vacuum  reservoir  is  much  larger  than  needed  to  operate 
the  EDCL  but  was  available. 

The  upstream  pressure  in  the  laser  cavity  at  a given  mass  flow  rate  is 
controlled  by  adjustment  of  the  width  of  the  annular  exit  shown  in  figure  2. 

The  cathode  plate  exit  is  designed  to  "spread"  out  the  cathode  glow  over  a 
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Figure  1.  Laser  Gas  Flow  System 
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large  uniform  area  for  reasons  described  later.  Since  mass  flow  rate  and 
upstream  pressure  can  be  controlled  independently  over  a certain  ranqe,  the 
capability  exists  to  adjust  the  entrance  Mach  number  for  purposes  of  maxi- 
mizing the  electrical  pcv/er  that  can  be  loaded  into  the  cavity  at  a given  mass 
flow  rate.  During  no  power  input,  the  pressure  drops  a few  percent  through 
the  laser  channel.  With  increasing  electrical  power  applied  to  the  flowing 
gas,  there  is  an  increase  in  pressure  drop  along  the  laser  channel.  With  the 
annular  exit  constriction  set,  the  pressure  at  any  point  in  the  laser  cavity 
will  remain  constant  during  gas  flow  until  the  pressure  in  the  exhaust 
reservoir  reaches  some  ''critical"  pressure.  When  the  reservoir  pressure 
increases  above  the  "critical"  pressure,  the  10-inch  line  pressure  begins 
to  rise.  A corresponding  rise  in  the  laser  cavity  exit  pressure  then  occurs. 

With  this  exit  system  the  upstream  pressure  attained  in  the  laser  cavity 
is  proportional  to  mass  flow  rate.  In  the  absence  of  sphere  evacuation,  the 
sphere  pressure  Increases  proportionately  with  time  and  mass  flow  rate.  This 
implies  that  the  "critical"  pressure  is  attained  in  the  same  maximum  run 
time  length  regardless  of  mass  flow  rate  through  the  laser.  The  exit  of  the 
EDCL  is  set  at  a width  of  about  1-3/8  inch  which  provided  a 0 to  40  torr  no- 
load  upstream  pressure  for  0 to  0.2  lbm/sec  flow  rate. 

2.  POWER  SUPPLY  AND  CURRENT  REGULATOR  SYSTEM 

A current  regulator/ballast  system  Is  used  to  control  the  laser  and  keep 
the  discharge  in  the  glow  regime.  The  glow  discharge  is  characterized  by  a 
steady  voltage  drop  along  its  length  except  for  the  short  distance  wherein 
the  cathode  fall  occurs.  Under  these  conditions,  the  DC  voltage  across  the 
discharge  is  nearly  independent  of  the  DC  current  through  the  discharge.  The 
optical  output  power  of  the  laser  cavity  is  proportional  to  the  power  input 
which  is  equal  to  the  product  of  the  discharge  current  and  voltage.  Since 
the  voltage  across  the  discharge  is  nearly  constant  with  current,  control  of 
the  current  can  be  used  to  stabilize  the  output  power.  uthermore,  the 
regulator  system  allows  each  side  of  the  laser  cavity  to  be  loaded  to  equal 
specific  power  inputs  or  Independently  adjusted.  The  regulator  reduces  power 
supply  ripple,  power  supply  turn-on  transients,  provides  the  necessary  over- 
voltage for  discharge  breakdown,  and  represents  a large  positive  dynamic 
impedance  to  the  discharge.  All  of  this  is  accomplished  at  minimum  power 
dissipation  in  the  regulator  circuit. 
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The  schematic  of  a regulator  module  is  shown  in  figure  3 with  typical 
operating  currents  and  voltages.  The  heart  of  the  regulator  module  is  the  high 
gain,  wide  bandwidth  Eimac  8166  tetrode  which  contains  a regulated,  self- 
biased  screen  and  variable  grid  supoly.  The  ten-turn  potentiometer  is  used 
to  set  the  DC  current  value  over  tfie  range  of  approximately  0.2  to  0.8  amp. 

At  the  plate  to  cathode  voltage  of  2500,  the  tube  dissipation  varies  from 
500  to  a maximum  of  2000  watts.  Although  OuOO  watts  exceeds  the  tube  ratings 
by  a factor  of  two,  the  plate  mass  is  sufficient  to  easily  satisfy  the  plate 
temperature  requirements  for  a 15-second  run. 

Three  modules  in  parallel  per  laser  side  are  connected  to  the  laser  cavity 
as  shown  in  figure  4.  The  three  regulator  modules  are  connected  to  the 
positive  output  of  a Hipotronics  Model  825-4. 5A,  0 to  25  kV,  0 to  4.5  amp 
power  supply.  The  output  of  the  regulators  (A1)  are  connected  to  16 
(20  kilohm)  ballast  resistors  which  feed  one  side  of  the  laser.  These 
ballast  resistors  divide  the  regulated  current  equally  between  the  16  electrodes 
and  provide  the  discharge  anodes  a limiting  resistance  in  case  of  a tube  fail- 
ure. All  bias,  meter,  and  tube  currents  are  summed  to  feed  the  ballast 
resistors  maximizing  the  use  of  available  electrical  power  deliverable  to  the 
laser  cavity  by  the  power  supply. 

The  effectiveness  of  the  regulator  in  controlling  a possible  fluctuating 
discharge  impedance  is  analyzed  by  reviewing  the  equivalent  small  signal, 
audio  frequency  circuit  shown  in  figure  5.  R is  the  parallel  combination  of 
either  five  or  six  20K  ballast  resistors,  vd  is  the  incremental  discharge 
voltage  which  Is  a function  of  1,  and  vg  is  the  power  supply  ripple.  The 
following  equations  may  be  written  from  figure  5: 

u - Vvd  - (<i  * ^ Rk  - iR  1 "eq  (1) 

rp 


vs-  vd  - (1i  + i2)  \ * 1R 


^ 3 


1R 


(2) 

(3) 
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Figure  4.  Power  Supply  Distribution  System  (One  Side  of  Laser) 
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eg  a “ + 1a)Rk 


(4) 


(u  + 1)  a U 


i = ix  + i2  + 13 


Solving  for  i,  we  get 


, <vs  • vd>  (a  * 1/Ra> 

( - TVTfF +"17fig-) 


where 


O/r  + 1/R  s) 
a * (T  +"  R k'  T y / r “ + ' T/  R$ ') ) 

For  purposes  of  easier  analysis  we  set  Rg  * Rg  a ®,  then 


1 * 


vs  ■ vd 


r+i^-TTT 


(5) 

(6) 

(7) 


(8) 


The  simplest  case  describing  the  glow  discharge  assumes  that  the  change 
in  discharge  voltage  is  proportional  to  the  change  in  discharge  current.  The 
DC  discharge  voltage  (Vg)  as  a function  of  DC  discharge  current  (I)  is: 


VD  ■ VD0  + 1 rd 


(9) 


where  r^  = slope  of  voltage/current  characteristic  of  discharge,  and  VQ0  ■ 
discharge  voltage  for  current  equal  to  zero.  The  differential  change  In  VQ 

as  a function  of  changes  in  and  I is  given  by 


3V, 


3Vr 


dV"  8 svrr  dVD0  + TT”  dI 


do) 


DO 

Using  the  definition  of  an  incremental  variable  and  equation  (9)  gives 


vd  ■ v«  * rd 1 


01) 


where 


dVD  3 vd  8 ,}ncr«n®nta''  discharge  voltage  at  any  current  I 


dV 


DO 


vdo  8 incr^mentai  discharge  voltage  at  current  I » 0 
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dl  5 1 « incremental  discharge  current 
The  change  in  regulator  current  is  then  given  by 


vs  ‘ vdo 


R + (uRk  + r ) + rd 


(12) 


The  term  (yR^  + r ) represents  the  dynamic  positive  imoedance  contributed  by 

the  8166  regulator.  A positive  discharge  impedance  (rd  > 0)  aids  In  reducing 

the  current  variation  whereas  a negative  Impedance  (rd  < 0)  has  the  opposite 
effect.  In  the  absence  of  the  large  positive  regulator  term  (yRk  + r ) >>  R, 

it  is  possible  for  (R  + rd)  to  approach  zero.  This  could  lead  to  variations 
in  i which  can  cause  the  discharge  to  go  irreversibly  into  a form  of  discharge 
known  as  the  arc  regime.  From  equation  (12)  it  is  evident  that  the  effect  of 
the  regulator  Is  to  reduce  power  supply  ripple  and  provide  closed  loop  negative 
feed  back  on  discharge  conditions.  For  example,  an  Incremental  decrease  in 
discharge  impedance  tends  to  cause  an  Increase  in  current  (1).  The  action  of 
the  regulator  is  to  reduce  the  voltage  (vd)  hence  reducing  the  current  (1)  to 
its  original  valve.  The  regulator  converts  the  unregulated  power  supply  vol- 
tage source  into  a controlled  current  source. 

For  three  identical  modules  in  parallel  feeding  five  ballast  resistors 
each,  the  total  incremental  current  (it)  is 


, 3(vs  - vd)  (a  + 1/R  ) 
U ' 1 T R(a  + VRg) 


03) 


For  the  component  values  shown  in  figure  5 and  using  a nominal  value  for  y of 
250,  equation  (13)  becomes 

1t  - 0.07(v$  - vd)  (14) 

where  (1^)  Is  In  amps  and  (vs,  vd)  are  In  kilovolts. 

Given  a total  OC  current  of  1.5  amps  it  can  be  shown  that  the  regulator  provides 
a factor  of  five  reduction  in  current  variation  as  compared  to  a fixed  resistor 
ballast  of  equal  power  dissipation.  An  externally  biased  regulator  approaches 
the  condition  of  Rg  * R$  ■ « and  equation  (8)  for  three  regulator  modules 

predicts  1^  « 0.035(v  - v^).  A factor  of  two  Improvement  In  regulation 

could  be  achieved  at  a small  sacrifice  in  circuit  complexity  by  providing 
separate  regulated  voltage  supplies  for  the  screen  and  grid  circuit. 


16 


Significantly  greater  reduction  in  discharge  current  fluctuation  is  not 
easily  attainable  without  some  added  sophistication  to  the  regulator  module 
of  figure  5.  One  such  change  would  require  the  use  of  separately  regulated 
screen  and  grid  supplle. . The  cathode  resistor  (R^)  is  replaced  by  the 

collector-emitter  terminals  of  a high  power  transistor  with  its  base  driven 
by  a variable  current  source.  The  dynamic  collector  impedance  (several  hundred 
of  kilohms)  is  then  multiplied  by  the  (u)  of  the  tube.  This  type  of  circuitry 
is  capable  of  reducing  current  variations  by  several  orders  of  magnitude,  but 
is  considered  an  unnecessary  complexity  in  the  present  application. 

Turn-on  transients  from  the  power  supply  are  eliminated  by  the  equivalent 
RC  network  in  the  grid  circuit.  These  events  are  depicted  in  figure  6.  At 
power  supply  turn-on,  the  lyf  capacitor  shown  In  figure  3 Is  uncharged,  causing 
the  grid  to  be  grounded.  The  tube  current  increases  initially  to  satisfy  the 
voltage,  current,  and  grid  characteristics  of  the  tube  for  the  grounded  grid 
condition.  The  capacitor  then  charges  with  a time  constant  of  approximately 
9 milliseconds  toward  the  final  grid  voltage  value  and  hence  final  tube 
current  value. 

3.  LASER  CAVITY  WITH  POWER  LOADING 

Electrical  power  applied  to  the  flowing  gas  in  the  cavity  is  distributed 
in  the  forms  of  gas  heating,  acceleration  of  the  gas,  laser  radiation,  spon- 
taneous emission,  and  diffusion  losses  to  the  cavity  walls.  Assuming  that 
these  last  two  mechanisms  are  negligible  and  that  the  output  laser  radiation 
can  be  represented  by  a uniform  fractional  loss  (n)  of  the  electrical  power 

input  (P_),  the  power  input  (P_)  to  the  gas  is  P„  ® (1  - n)P  . For  the  case 
e y ye 

of  a radially  uniform  heat  Input  to  a flowing  gas  in  frictionless,  constant 

area  duct,  the  parameters  of  pressure  (P),  temperature  (T),  density  (p), 

velocity  (V),  and  Mach  number  (M)  are  related  by  the  compressible  flow  equations 

describing  Rayleigh  Line  heating  (ref,  1). 

?z  1 + yMi2 

j- 

Px  1 + TrM2 
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TUBE  CURRENT  (am 


Figure  6.  Transient  Current  Suppression 
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where  y is  the  ratio  of  specfic  heats  (C  /Cy)  and  the  subscripts  (1,  2)  refer 

to  upstream  and  downstream  conditions,  respectively. 

The  power  input  (P  ) to  the  gas  is  related  to  the  increase  in  total 
temperature  (T  ) by 


where  T. 


= Ti  (1  + 


mCp(To2  " V 


and  m * mass  flow  rate  (lb  /sec). 


Once  a specific  gas  mixture  has  been  selected,  y and  Cp  are  fixed.  It  i 

then  desirable  to  maximize  the  specific  power  Input  (PQ/m)  under  constraints 
imposed  by  exit  Mach  number,  maximum  temperature  In  the  laser  channel,  and 
pressure  ratio  along  the  cavity.  These  parameters  can  be  controlled  by 
adjusting  the  entrance  Mach  number  and  the  electrical  powe;  Input  to  the  gas. 

Equations  (15),  (16),  and  (18)  can  be  solved  simulUv  usly  for  entrance 
Mach  number  (Mi)  with  (P  /m)  and  (M2)  as  variables.  The  solution  of  these 

equations  is  facilitated  by  Introducing  ratios  of  the  total  temperature  to 
the  total  temperature  that  would  exist  at  M * 1 (ref.  1). 


where  T0*  = total  temperature  at  M * 1.  Equations  (19),  (20),  and  (21)  are 

solved  sequentially  for  M2  given  Pg/m  and  allowing  Mx  to  be  a variable.  M,  and 

M2  are  then  used  with  equations  (15)  and  (16)  to  calculate  T2.  A family  of 

curves  showing  exit  temperature  versus  entrance  Mach  number  with  y = 1.56,  Ti  * 

300CK,  and  » 1000  jou1es/lbm  °K  is  shown  in  figure  7 for  several  specific 

input  powers.  At  a given  specific  power  input,  the  temperature  decreases  as 
the  input  Mach  number  is  increased  until  the  exit  Mach  number  equals  unity 
as  indicated  by  the  ending  of  the  curves  toward  the  right  side  of  figure  7. 

If  conditions  are  such  that  the  exit  Mach  number  is  near  unity,  the  maximum 
temperature  in  the  channel  is  attained  at  a position  corresponding  to 
M s 1/‘/y~  from  equation  (16).  The  temperature  at  M * 1 //y  versus  entrance 
Mach  number  is  overlayed  on  the  plot.  Since  the  fractional  population  inver- 
sion of  the  laser  medium  starts  to  decrease  significantly  for  temperatures 
greater  than  about  550°K  (ref.  2),  then  at  a fixed  entrance  Mach  number  the 
electrical  to  optical  extraction  efficiency  will  decrease  for  further  Increase 
in  specific  power  input.  Hence,  the  M a l/Zf”  curve  gives  the  required 
entrance  Mach  number  (Mi  « 0.35)  and  the  maximum  specific  input  power 

(Pg/m  =>  350  kW/lb^sec)  that  can  be  put  into  the  gas  up  to  the  position 

corresponding  to  M * l//y~  in  the  laser  channel.  Additional  Input  power  can 
be  added  until  the  Mach  number  is  increased  from  M * l//y  to  M « 1 with  a 
corresponding  temperature  decrease  at  the  exit. 

Figure  8 displays  the  Mach  number,  temperature,  pressure,  density,  and 
velocity  ratios  versus  cavity  length  for  y ■ 1.56,  Mi  * 0.35,  and 
Pg/m  * 350  kW/1bm/sec.  These  curves  are  generated  by  incrementing  M2  from 

M2  * Mi  « 0.35  to  M2  ■ 1 In  equation  (18)  with  Pg  replaced  by  the  fractional 

cavity  power  (X/L)  P . The  abscissa  of  figure  8 may  also  be  interpreted  as  the 

fractional  amount  of  Pg/m  * 350  kW/lbm/sec  that  has  been  added  to  the  flowing 

gas.  Using  this  Interpretation,  it  is  noticed  that  the  curves  continue  beyond 
X/L  * 1 Indicating  that  an  additional  power  of  18  kW/lbm/sec  can  be  added  until 

M2  ■ 1.  If  the  selected  Initial  conditions  were  PQ/m  * 368  kW/lb^sec,  y * 1.56, 

and  Mi  » 0.35,  then  the  curves  would  terminate  at  X/L  « 1.  The  peak  In  the 
temperature  profile  is  seen  to  occur  near  the  exit  of  the  laser  cavity. 
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EXIT  TEMPERATURE  ( °K) 


ENTRANCE  MACH  NUMBER 

Figure  7,  Exit  Temperature  Versus  Entrance  Mach  Number 
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RELATIVE  PARAMETER  RATIO 


V*1 


0.2  0.4  0.6  0.8 

X/L  (FRACTIONAL  CAVITY  LENGTH) 


Figure  8.  Laser  Cavity  Parameters  Versus  Fractional 
Cavity  Length 
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It  Is  observed  that  the  maximum  density  ratio  along  the  channel  is  about 
4 to  1 for  the  above  given  conditions.  As  discussed  in  the  next  section,  the 
decrease  in  density  toward  the  laser  exit  under  the  conditions  of  uniform  power 
loading  with  length  can  lead  to  downstream  localized  regions  wherein  the 
electric  field  per  electron  number  density  increases  toward  a critical  value. 
Above  this  critical  value  these  regions  can  cause  streamers  in  the  gas  which 
might  propagate  upstream  to  the  anodes  with  the  result  that  the  uniform  alow 
discharge  goes  irreversibly  into  the  arc  discharge.  Review  of  equation  (17) 
indicates  that  this  density  ratio  is  controlled  by  the  ratio  of  M2  to  and 
the  particular  value  of  M]..  The  temperature,  density,  and  Mach  number  ratios 
are  near  optimum  for  the  stated  entrance  Mach  number  of  0.35  and  specific 
input  power  of  350  kW/lb^/sec.  The  design  of  the  EDCL  cavity  is  such  that 
nearly  all  power  applied  to  the  flowing  gas  discharge  is  available  for  extrac- 
tion by  the  resonator  optics. 

4.  LARGE  VOLUME  UNIFORM  ELECTRICAL  DISCHARGE 

To  load  up  to  75  kW  of  electrical  power  into  the  EDCL  cavity,  large  volume, 
fast-flow  discharge  techniques  are  required  to  produce  a uniform  discharge  of 
high  stability.  This  task  is  achieved  in  higher  pressure  and  laraer  laser 
devices  using  such  sources  of  preionization  as  electron  beam  injection,  ultra- 
violet photoioni2ation,  and  other  advanced  techniques  (ref.  3).  These 
approaches  are  complex  and  costly.  An  alternative  approach  utilizing  aero- 
dynamic forces  to  control  the  upstream  Ion  distribution  has  also  been  success- 
ful (ref.  4)  for  laser  discharges  operating  below  50  torr.  This  technique 
was  chosen  for  the  AFWL  EDCL. 

A single  anode-cathode  column  discharge  operating  In  the  "normal"  glow 
regime  is  characterized  by  ions  leaving  in  the  vicinity  of  the  upstream 
anode  drifting  downstream  toward  the  cathode  while  drifting  radially  outward 
from  the  hot  discharge  center.  The  "normal"  glow  regime  is  defined  as  that 
portion  of  the  voltage/current  characteristic  of  a discharge  wherein  the 
voltage  across  the  discharge  is  nearly  independent  of  the  current  through  the 
discharge.  The  current  density  of  such  a discharge  is  limited  in  stability 
due  to  thermal  gradients  imposed  by  nonuniform  electrical  conductivity  which 
Is  caused  by  the  radially  diffusing  ions  and  a decrease  in  gas  density  on 
the  discharge  axis.  A further  Increase  in  discharge  current  above  the  "normal" 
glow  regime  is  termed  the  "abnormal"  glow  and  is  further  characterized  by  a 
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concentration  of  current  along  the  discharge  axis.  At  some  critical  value  of 
Increasing  current,  the  discharge  switches  abruptly  and  regeneratively  into  the 
"arc"  regime  which  is  characterized  by  very  high  discharge  current  and 
essentially  zero  discharge  voltage.  Hence,  there  exists  a finite  current  region 
over  which  the  discharge  has  a diffuse  glow  and  can  be  used  for  laser  mode 
volume  excitation.  Many  discharge  columns  can  be  combined  in  various  arrays 
to  give  a large  volume  discharge  of  yet  still  limited  stability. 

An  array  of  discharge  columns  can  be  made  more  stable  by  tailoring  the 
upstream  ion  distribution  by  techniques  used  in  the  electro-aerodynamic  laser 
(EAL)  (ref.  5).  In  this  device,  it  has  been  demonstrated  that  aerodynamic 
pressure  gradients  can  have  a pronounced  affect  on  upstream  ion  motion  which 
in  turn  can  control  the  discharge  current  density  profile.  Since  e drift 
velocity  of  the  electrons  is  many  times  greater  than  that  of  the  ions,  the 
current  Is  carried  by  the  electrons.  The  requirement  of  charge  neutrality  in  the 
positive  column  of  the  discharge  implies  that  a controlled  upstream  ion  distri- 
bution might  affect  the  drifting  electron  distribution  and  hence  the  spatial 
distribution  of  the  discharge  current  density. 

The  upstream  electrode  and  gas  entrance  section  of  the  EDCL  is  shown  in 
figure  9.  The  inlet  gas  Is  distributed  Into  an  annulus  via  the  four  equaVly 
spaced  entrance  ports  (only  two  are  shown  for  clarity)  and  moves  downstream 
across  the  anodes  and  into  the  laser  cavity.  The  dimensions  and  shape  of  the 
entrance  section  near  the  anodes  is  such  that  a pressure  gradient  radially 
inward  is  imposed  on  newly  created  ions.  These  aerodynamic  forces  are  portrayed 
by  the  sequence  of  vectors  superimposed  on  a hypothetical  ion  trajectory. 

Each  anode  is  bullet-shaped  and  acts  as  its  own  generator  of  turbulence  to 
aid  in  diffusing  created  Ions  into  the  regions  of  aerodynamic  forces  dictated 
by  the  entrance  section.  Each  end  of  the  EDCL  has  16  anodes  placed  in  an 
annular  array  with  the  optical  mount  attached  coaxially  to  the  upstream  end  of 
the  electrode  section.  Although  not  used  In  the  final  EDCL  design,  the  possi- 
bility of  Installing  an  annular  array  of  dielectric  nozzles  or  vanes  upstream  of 
the  anodes  considered.  This  arrangement  could  be  used  to  introduce  additional 
turbulence  in  the  vicinity  of  the  anodes.  The  inlet  of  the  EDCL  would  then 
be  similar  to  that  of  the  EAL  in  providing  an  additional  means  of  diffusing 
the  upstream  ion  distribution. 


The  present  electrode  structure  causes  the  16  columnar  discharges  to  merge 
into  a single  uniform  discharge  after  a distance  of  about  10  cm  of  downstream 
travel.  Pictorially,  figure  9 shows  the  proposed  ion  distribution  which  in 
turn  tailors  the  upstream  drifting  electron  (hence  current  density)  distribution. 
The  uniform  discharge  created  after  this  initial  10  cm  remains  stable  and 
uniform  for  0.8  meter  of  cavity  length. 

The  exact  number  of  electrodes  used  in  the  EDCL  was  experimentally  chosen 
subject  to  the  following  concepts.  There  exists  some  current  above  which  an 
individual  anode-cathode  discharge  will  go  unstable  into  the  arc  discharge. 

The  maximum  total  discharge  current  is  a function  of  the  number  of  anodes  in 
a discharge  array  given  a cathode  of  sufficient  area.  Current  capability 
continues  to  increase  with  additional  electrodes  until  the  distances  between 
anodes  allows  newly  created  ions  from  one  anode  to  diffuse  and  merge  with  the 
ions  of  an  adjacent  anode.  The  anodes  no  longer  appear  as  separate  sources 
of  ions  in  thermal  equilibrium  with  the  entering  gas  flow  and  the  discharge 
arcs. 

There  are  two  additional  effects  that  can  cause  the  discharge  to  become 
unstable.  If  the  gas  exchange  time  is  too  long  (slow  flow  lasers),  severe 
thermal  disturbances  and  gradients  can  be  created  locally  In  the  discharge. 

A high  velocity  flow  with  Introduced  turbulence  in  the  gas  tends  to  spatially 
average  out  these  localized  disturbances.  Secondly,  in  long  lasers  the 
effects  of  the  electric  forces  can  overcome  the  entrance  aerodynamic  forces 
used  to  create  the  discharge  uniformity  with  the  result  that  after  some  distance 
downstream,  the  discharge  separates  back  into  individual  columnar  discharges. 
Insufficient  gas  velocity  and  entrance  forces  can  cause  the  desired  glow 
discharge  to  transform  Into  the  arc  discharge  at  higher  specific  power  inputs. 

The  EDCL  cavity  is  short  enough  and  the  entrance  Mach  number  is  high  enough 
that  these  effects  do  not  occur  for  specific  power  Inputs  to  the  gas  of  up 
to  360  kW/1bm/sec  over  the  pressure  region  of  10  to  35  torr. 

As  mentioned  in  section  II. 1,  the  negative  electrode  (ground)  had  suffi- 
cient area  that  the  cathode  glow  gradually  increased  in  area  to  cover  the 
cathode  plate  within  the  current  limits  of  the  available  power  supply.  The 
annular  gas  exit  aids  In  sweeping  away  any  localized  thermal  disturbances  in 
the  cathode  fall  region  which  could  lead  to  regions  of  high  current  density 
and  resultant  arcing.  Assuming  that  the  gas  exit  is  not  already  sonic, 

Increasing  the  power  input  at  a given  mass  flow  rate  decreases  the  density 
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towards  the  cathode  exit.  This  reduced  density  under  the  nearly  uniform  poten- 
tial gradient  across  the  discharge  can  lead  to  a significant  increase  in  elec- 
tric field  per  electron  number  density  (E/N  in  volts-cm2/electron)  near  the 
channel  exit. 

As  the  E/N  is  increased  above  seme  critical  value,  the  glow  discharge  breaks 
down  into  filamentary  streamers  which  can  then  propagate  across  the  discharge 
electrodes.  This  results  in  the  discharge  switching  to  the  region  of  higher 
conduction  in  a regenerative  fashion  such  that  the  discharge  goes  irreversibly 
into  an  arc.  In  a transversely  excited  laser  with  a single  anode  and  cathode, 
the  increased  E/N  near  the  gas  exit  occurs  between  and  in  the  vicinity  of 
both  electrodes.  Hence,  discharge  stability  becomes  a critical  function  of 
the  local  E/N  in  the  region  near  the  exit. 

The  EDCL  flow  is  col  inear  with  the  eiectric  field  and  trie  gas  exits  across 
and  in  the  vicinity  of  only  one  electrode.  It  is  conceptually  possible  to 
have  a local  increase  above  the  critical  E/N  near  the  cathode  of  the  EDCL,  and 
although  short  streamers  form  near  the  cathode,  the  remainder  of  the  discharge 
having  a lower  E/N  acts  as  a ballast  in  preventing  total  discharge  instability. 

For  personnel  safety  and  simplicity  of  high  voltage  engineering,  it  was 
decided  to  limit  the  voltage  across  the  laser  cavity  to  20  kilovolts.  For 
typical  CO2  laser  gas  mixtures  encountered  in  pratical  low  pressure  devices, 
the  average  electric  field  per  torr  of  gas  (E/P  in  volts/cm-atm)  is  about 
4500  to  5500  volts/cm-atm.  A maximum  cold  flow  cavity  pressure  of  40  torr 
and  a nominal  E/P  of  5000  volts/cm-atm  limits  the  cavity  length  to  * 75  cm. 

A prototype  of  the  EDCL  has  demonstrated  that  this  length  is  also  near 
optimum  for  high  power  discharge  operation  and  provides  sufficient  gain-length 
for  efficient  optical  extraction. 

5.  RESONATOR  OPTICS 

A uniform  circular  output  beam  profile  was  required,  and  it  was  desirable 
to  obtain  this  beam  profile  at  high  combined  electrical  and  mass  flow  efficiency 
to  reduce  gas  handling  costs  of  an  open-cycle  system.  With  the  advent  of 
large,  low  loss,  high  power  window  materials  at  reasonable  cost,  the  stable 
resonator  operated  In  a multi -mode  configuration  can  sati fy  the  above  requirements. 

A review  of  references  6 and  7 indicates  that  a stable  high  Fresnel  number 
(long  radius  optics)  resonator  will  operate  at  very  low  intracavity  loss  in 
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a diffuse  multimode  manner.  The  EDCL  resonator  consists  of  a 15-meter  radius, 
4.5-inch  diameter  Be-Cu  mirror  coated  with  Ag  plus  a protective  layer  of  ThF*, 

and  a flat,  4.5-inch  diameter  7nSe  output  coupler.  The  output  coupler  has  a 
nominal  75  percent  reflective  coating  on  the  cavity  side  and  an  anti  reflective 
coating  on  the  outside.  Previous  experience  indicates  that  optical  components 
that  are  similar  to  the  mirror  and  output  coupler  absorb  and  scatter  less  than 
1 percent  of  the  energy  incident  on  the  reflective  coatings.  The  output 
coupler  has  a total  attenuation  of  2.5  percent.  The  mirror  radius  was 
chosen  to  be  as  long  as  possible  without  introducing  appreciable  diffraction 
losses  and  mechanical  alignment  stability  problems.  Usually  this  requirement 
constrains  the  radius  of  curvature  to  be  not  greater  than  10  times  the  mirror- 
window  separation. 

To  extract  power  at  the  highest  efficiency,  the  parameters  of  cavity 
length,  coupling  coefficient,  gas  mixture,  and  electrical  power  loading  must 
be  optimized.  Subsections  3 and  4 define  the  requirements  for  maximum  power 
input  to  the  gas  in  terms  of  cavity  length,  pressure,  and  temperature  limits. 
The  overall  system  efficiency  (ntot)  can  be  expressed  as 


ntot  “ nqVpnelectnext 


(22) 


where 

np  ■ fractional  quantum  efficiency  = 0.41 

nm  » 1 - (fractional  loss  through  output  coupler) 

n a fractional  mode  volume  available  for  optical 
p extraction 

n , . » fractional  electrical  to  upper  laser  level  coupling 

e,ect  efficiency 

next  8 fractional  output  power  extraction  efficiency 


The  next  term  will  be  shown  to  be  the  fraction  of  available  laser  energy 
extracted  per  unit  volume  and  is  a function  of  cavity  losses,  coupler  trans- 
mission, and  the  gain-length  product  of  the  laser  cavity.  The  other  terms  nm, 
np,  and  ng.|ect  can  be  near  unity  with  the  proper  gas  mixture  and  choice  of 
optical  components.  Rlgrod  (ref.  8)  derives  an  expression  for  the  radiation 
intensity  obtainable  from  lasers  with  homogeneous  line  broadening  under  the 
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condition  that  the  cavity  losses  are  uniformly  concentrated  at  the  resonator 
mirrors  and  that  the  gain  coefficient  (related  to  population  inversion)  is 
isotroDic  and  does  not  change  with  time. 

Riqrod's  expression  modified  for  a resonator  with  a mirror  of  transmission 
ti,  coupler  transmission  of  tz,  and  optics  losses  of  ai  and  a*,  respectively. 


qives: 


I /I  » 
o'  s 


1/2  / „ 1/2  l/2„\ 

t(l  - a)  (g0L  + J.n[(l  - a)  ('  - a - t)  ]J 

1/2  1/2 

(1  - a)  (a  + t)  + a(l  - a - t)  ■ 


(23) 


-ne re: 


ti  3 0 
tj  * t 


»i  = a2  = a 


Is  s saturation  intensity  (watts/cm  ) 


I0  - output  intensity  (watts/cm2) 


t = coupler  transmission 
gQ  a unsaturated  gain  coefficient  (cmwl) 


l * active  laser  length  (cm) 

a * fractional  absorptive  plus  scatter  losses  of  optics 


S’ 
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The  extraction  efficiency,  nexfc,  is  defined  as 
P. 


ext  = V 


out 


(24) 


max 


where  P t Is  the  extracted  laser  power  for  the  given  resonator  conditions, 
and  Pmax  represents  the  maximum  output  power  that  could  be  obtained  with  the 

oscillator  considered  as  a single-pass,  highly  saturated  amplifier.  For  a 
medium  with  homogeneous  line  broadening,  the  net  gain  coefficient,  g(z),  as 
a function  of  position,  z,  In  the  oscillator  is  related  to  the  forward 
saturation  intensity,  I , growth  by  (ref.  8): 


gtz)  » g (1  «•  I+/I,) 


.1  1 dr 


I+  dz 
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The  maximum  power  output  Is  determined  by  Integrating  this  expression  over  the 
gain  length,  L,  as  I+/I,.  approached  infinity. 

L 

f gQdz  - 1 1m  f(l  + I+/Is)  ~~  (26 

0 I+/I-* 

s 

By  definition,  I+  approaches  the  maximum  output  intensity,  I . of  the 

1 uiaX 

laser  when  I /I  approaches  infinity.  The  maximum  output  power,  P , is 

5 nfaX 

then  equal  to  the  cross  sectional  cavity  area  multiplied  by  I.  that  is, 

ITlaX 


P = AI 
max  max 
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where  A is  the  cross-sectional  cavity  area  and  V is  the  cavity  volume.  Hence, 
the  extraction  efficiency  reoresents  the  fraction  of  maximum  volumetric  laser 
power  that  is  extractable  with  a given  resonator.  Using  the  definition  for 
next  and  the  Rigrod  intensity  expression  with  P0(Jt  « AI  , we  note  that  noxt 
approaches  unity  as  gQL  -*■  « and  a 0,  regardless  of  the  coupler  transmission. 
Generally,  a laser  is  said  to  be  "saturated"  when  the  output  power  does  not 
appreciably  change  for  wide  variations  in  output  coupler  transmission. 

The  gain  coefficient  for  a smaller  EDCL  using  typical  laser  mixtures 
operating  in  the  region  of  20  to  40  torr  was  measured  to  be  about  1.0  to  0.5 
percent/cm  (ref.  9).  Since  the  gain  (gQ)  is  a function  of  pressure,  it  is 
dependent  upon  laser  channel  position,  flow  velocity,  and  temperature.  The 
Rigrod  expression,  equation  (25),  gives  a first  order  estimate  of  intensity 
distribution  assuming  some  average  value  of  gain  (gQ)  along  the  cavity  length 
of  the  EDCL  discharge.  Cavity  lengths  made  up  of  standard  24-  or  30-inch 
pipe  sections  plus  the  electrode  assembly  and  gas  exit  gave  maximum  possible 
active  cavity  lengths  of  150  to  180  cm,  respectively.  As  was  mentioned 
earlier,  the  16  electrodes  create  upstream  ionized  columns  which  aerodynamic- 
ally  merge  into  a uniform  discharge  after  about  10  cm  of  downstream  travel. 
This  10-cm  upstream  region  Is  heated  to  a higher  temperature  than  In  the 
uniform  discharge  due  to  the  concentrated  column  discharges  near  the  anodes 
not  utilizing  all  of  the  gas  flow  cross-sectional  area.  Hence,  neither  the 
actual  gain  nor  the  active  cavity  length  are  accurately  known.  However,  the 
effective  gain  length  product  must  lie  between  the  limits  of  0.75  to  1.8 


based  upon  possible  active  cavity  lengths  and  estimated  range  of  gain  (ref.  9). 

Using  the  ratio  of  equation  (23),  with  PQut  * AIQ,  and  equation  (27); 

the  extraction  efficiency,  equation  (24),  Is  plotted  In  figure  10  as  a function 
of  coupler  transmission,  cavity  loss  of  0.01,  and  a family  of  gain  length 
products  from  0.5  to  2.0.  The  optimum  coupler  transmission  lies  between  0.1 
to  0.3  for  the  4 to  1 range  of  gain  length  products  with  the  corresponding 
extraction  efficiency  between  0.74  to  0.36.  Thus,  a good  choice  of  output 
coupler  transmission  giving  an  n * cf  about  0.8  can  be  chosen  from  figure  10 

L A u 

with  little  knowledge  of  the  exact  gain  length  product.  Although  not  shown 
in  this  plot,  the  optimum  coupler  transmission  for  a given  gQL  shifts  toward 
higher  transmission  for  increasing  cavity  losses  and  higher  cavity  losses 
correspond  to  lower  extraction  efficiences.  For  example,  If  gQL  * 1 and 

0.003  < a < 0.02,  tiie.i  0.36  > r,^  > 0.73  and  0.12  < t (optimum)<  0.2. 

Normally  a probe  laser  is  used  to  measure  the  gain  (gQ)  or  it  can  be 
calculated  by  various  laser  kinetics  codes.  The  Rlgrod  expression  gives  a 
good  estimate  of  the  optimum  output  coupler  transmissions  for  a stated  gain 
(g  ).  The  appropiate  probe  laser  was  not  available;  however,  two  output 
couplers  having  different  transmissions  were  used  to  solve  the  Rlgrod 
expression,  equation  (23),  for  an  effective  ( gQL ) at  a particular  specific 
power  inout.  The  two  different  output  couplers  were  fabricated  from  germanium 
blanks.  Both  couplers  had  an  anti  reflective  coating  on  one  side;  the  other 
side  of  one  coupler  was  uncoated  and  the  second  coupler  was  coated  for  a 71 
percent  reflectivity.  Spectrophotometer  measurements  of  coupler  transmission 
Indicated  that  there  was  a 4 percent  absorption  In  the  bulk  with  an  addi- 
tional 2 percent  absorption  and  scatter  throughout  the  coatings  and  substrate. 


Initially  the  EDCL  was  operated  with  plexiglass  plates  In  place  of  the 
optics.  Typical  lasing  gas  mixtures  were  tried  until  uniform  discharges 
at  substantial  specific  power  Inputs  were  attained.  With  small  changes  in 
l the  percentage  distribution  of  gases,  the  discharge  continued  to  operate 

| uniformly  at  high  specific  power  Input  relatively  Independent  of  gas  mixture. 

\ The  two  couplers  were  then  employed  to  extract  laser  power  at  specific  input 

l powers  of  interest.  During  the  3-second  output  power  measurements.  It  was 

! necessary  to  cool  the  faces  of  the  couplers  with  dry  nitrogen  to  prevent 

| possible  thermal  runaway.  The  gas  mixture  was  experimentally  optimized  for 

| the  best  combined  electrical  and  mass  flow  efficiency  and  the  following 


measurements  were  recorded: 

Active  Cavity  Length:  Approximately  154  cm 
Upstream  Laser  Pressure: 

No  Power  Input:  30  Torr 

With  Power  Input:  38  Torr 

Mass  Flowrate:  C0->  * 15.2  N?  * 46.3  He  * 29.6  mlb/sec 

~ c m 

Coupler  1 Coupler  2 


Electrical  Power  Input: 

Optical  Power  Input: 

Specific  Power  Input  to 
Discharge: 

Total  Efficiency: 

Coupler  Reflectivity: 


31.8  kW 
4725  Watts 
298  kW/lbm/sec 

14.8% 

0.36 


33.2  kW 
6345  Watts 
290  kW/lbm/sec 

20.6% 

0.71 


The  simultaneous  solution  of  aquation  (23)  for  gQL  knowing  the  reflec- 
tivities of  the  optical  components  and  the  ratio  of  power  outputs  at  constant 
specific  power  input  under  an  estimated  cavity  loss  of  a * 0.01  yields 
9qL  « 1.22. 

The  corresponding  extraction  efflclences  are  indicated  In  figure  10  as 
circles  for  g0L=*  1.22  and  t * 0.64  and  0.29.  Note  that  If  there  were  no 

-miss'* on  losses  through  the  germanium  coupler  2,  this  particular  measure- 
ment would  correspond  to  nt  ^ * 21.8  percent  at  a specific  power  output  of  80 
kW/lbm/sec.  The  output  beam  measured  9.2  cm  diameter  which  Is  greater  than 
the  geometrical  spot  size  due  to  diffraction  and  transverse  beam  waist  spreading 
of  higher  order  modes.  Assuming  that  the  mirror  is  flood  loaded  inside  the 
cavity,  a simple  geometrical  cone  would  indicate  that  np  is  greater  than 
0.93,  For  gQL  3 1.22  and  a lossless  output  coupler  of  t « 0.29,  reference  to 
figure  10  gives  ngxt  * 0.79.  Recalling  that 


"elect  * "tot/nq"*Vext 

wi  th 


"tot  “ °*218 

nft  - 0.41 

nm  * 1.0 
m 
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np  - 0.93 
next  = °*79 

gives  nglect.  * 0.72  which  is  less  than  a maximum  value  of  0.9  as  reported  in 
reference  5.  With  the  active  laser  length  fixed  at  L * 154  cm,  a low  loss 
ZnSe  output  coupler  with  t 3 0.25  was  fabricated.  The  coupler  transmission 
was  chosen  from  figure  10  to  be  slightly  higher  than  optimum  for  a 3 0.01 
in  case  cavity  losses  were  greater  than  expected;  this  choice  also  places 
the  coupler  In  a centrally  located  broad  region  of  ne  With  the  assumption 
that  the  gas  mixture  can  be  adjusted  to  cause  ng^ect  to  approach  0.9,  the 
best  overall  efficiency  obtainable  from  the  laser  with  L a 154  cm  is 


ntot  “ nelect  nqnmnpnext 


with 


n 


elect 


0.9 


np  3 0.41 


n 


m 3 0.975 


np  3 0.93 

next  * 0,80  < 0,01 5 goL  > 1<22) 

"tot  * °'27 

A substantially  longer  laser  cavity  (gQl  > 2)  with  a long  radius  mirror 
(np  ■+■  1.0)  would  give  a maximum  ntQt  * 0.31).  This  potential  14  percent 

increase  In  ntQt  was  not  considered  pratical  due  to  the  Increased  operating 
voltages  for  the  discharge  and  the  difficulty  in  obtaining  a uniform  discharge 
at  high  specific  power  inputs  for  the  longer  length  cavity.  The  current  EDCL 
with  L <*  154  cm  operates  at  an  nt  t 3 0.25. 
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SECTION  III 


OPTIMIZED  LASER  PERFORMANCE 

1.  ELECTRICAL  DISCHARGE 
a.  Electrode  Placement 

The  present  EDCL  contains  16  electrodes  which  are  sufficient  to  produce 
uniform  discharges  up  to  a combined  current  of  2.5  amps  and  a discharge 
voltage  of  16  kilovolts  per  laser  side.*  This  combination  of  current  and 
voltage  is  in  excess  of  that  needed  to  heat  the  flowing  gas  to  the  temperatures 
required  for  optimum  laser  performance  up  to  power  output  levels  of  16  kilo- 
watts. 

The  16  electrodes  were  chosen  after  investigation  of  the  total  discharge 
current  as  a function  of  the  number  of  anodes  on  a prototype  of  the  present 
EDCL  which  used  an  array  of  12  electrodes.  The  discharge  was  operated  with 
symmetrical  arrangements  of  2,  3,  4,  6,  and  12  anodes  Into  a gas  mixture  near 
the  optimum  stated  in  section  III. 3.  The  current  to  the  discharge  was  in- 
creased gradually  until  at  some  maximum  current  value  the  discharge  arced.  The 
discharge  was  not  considered  stable  in  these  tests  unless  It  operated  without 
visible  and  electrical  degradation  for  5 seconds.  This  maximum  current 
value  was  initially  linear  with  increasing  electrode  numbers  and  then  as  the 
cathode  glow  increased  to  cover  the  cathode  area,  the  current  asymptotically 
approaced  some  constant  for  a much  larger  number  of  electrodes.  For  constant 
electrode  number,  the  discharge  arced  at  lower  discharge  currents  for 
Increasing  cavity  pressure.  This  was  expected  since  electron  recombination 
rates  increase  with  increasing  pressure  and  the  Increase  in  discharge  voltage 
with  pressure  causes  the  electric  forces  along  the  discharge  to  overcome  the 
aerodynamic  forces  used  to  stabilize  it. 

The  effects  of  aerodynamic  and  electric  forces  were  portrayed  by  several 
observations.  First,  a single  anode  discharge  was  observed  to  be  forced  to- 
ward the  center  of  the  cavity  while  radially  diffusing  in  cross  section  as 
It  moved  toward  the  cathode.  In  fact,  the  discharge  was  forced  across  the 
cavity  and  terminated  on  the  farthest  away  edge  of  the  cathode.  Second, 
two  electrodes  and  higher  number  symmetrical  arrangements  caused  the  discharge 


* The  measurements  reported  In  this  section  were  obtained  within  the  accuracies 
listed  in  the  Appendix. 


columns  to  be  initially  forced  radially  inward,  but  then  these  columns  were 
observed  to  repel  each  other  for  increasing  discharge  voltages.  Third,  at  a set 
disch-vr'-e  voltage,  increasing  the  electrode  number  beyond  some  value  did  not 
appreciably  increase  the  maximum  current  capability.  This  Is  apparently  caused 
by  ions  from  the  closely  spaced  anodes  merging  and  creating  thermal  instabilities. 
These  last  two  effects  were  partially  overcome  in  the  electro-aerodynamic  laser 
(ref.  5)  by  shocking  the  discharge  in  front  of  the  anodes,  hence,  creating 
a more  diffuse  ion  distribution.  Fourth,  the  anodes  were  initially  positioned 
close  to  the  glass  wall  of  the  entrance  section.  The  discharge  was  observed 
to  operate  in  an  annulus  and  the  extracted  laser  energy  had  an  absence  of 
energy  on  the  laser  axis.  The  anodes  were  iteratively  bent  radially  inward 
toward  the  laser  axis  until  the  discharge  was  uniform  and  no  further  increase 
in  discharge  current  capability  could  be  obtained.  Thus,  the  aerodynamic 
forces  between  the  anodes  and  the  wall  of  the  entrance  section  were  acjusted 
for  optimum  performance  in  an  experimental  manner. 

b.  Electrical  Characteristics  of  Discharge 

The  electrical  discharge  is  characterized  by  a positive  dynamic  impedance 
and  is  plotted  in  figure  11  for  various  cavity  pressures  at  the  optimum  gas 
mixture.  This  data  was  taken  with  laser  power  being  extracted.  The  voltage 
across  the  discharge  is  approximately  proportional  with  pressure  and  increases 
slightly  with  increasing  current.  The  discharge  is  characterized  by  an  average 
breakdown  of  E/P  =4600  volts/cm-atm.  The  flatness  of  the  voltage/current 
characteristic  of  the  discharge  indicates  that  the  power  supply  ripple  voltage 
(in  the  absence  of  a regulator)  can  cause  appreciable  variation  in  the  discharge 
current  and  thus  the  laser  power  output. 

In  all  cases  the  discharge  progressed  to  an  arc  with  increasing  current 
above  2.5  anros  characterized  by  several  visible  changes  in  the  discharge. 

With  increasing  current  the  cathode  glow  gradually  increased  in  area  while 
visibly  changing  from  a dull,  uniform,  violet  color  to  separate  regions  of 
violet  corresponding  to  each  electrode.  A further  Increase  in  current  caused 
localized  areas  of  Intensely  white  light  on  the  cathode  (transition  to 
abnormal  glow  region)  followed  by  separation  of  the  discharge  near  the  cathode 
Into  i few  Individual  columns.  A slight  Increase  In  current  above  this  region 
caused  the  discharge  to  arc  which  usually  started  from  one  or  two  anodes  and 
rapidly  progressed  to  several  anodes.  The  two  discharge  columns  for  each  side 
of  the  laser  did  not  appear  to  interact. 
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c.  Effects  of  Flow  on  the  Discharge 

The  annular  exit  to  the  laser  channel  was  adjusted  to  provide  a cold 
flow  of  0.2  lbm/sec  at  a cavity  pressure  of  40  torr  for  the  optimum  gas 
mixture  flowrate  ratio  of  He : N2 : CO2  “ 0.32:0. 52 ;0. 16.  The  entrance  Mach 
number  for  this  condition  remained  within  5 percent  of  M-j  » 0.42  over  the 
pressure  range  of  15  to  40  torr.  * 0.42  Is  higher  than  the  calculated  design 
value  of  M.j  * 0.35  stated  in  section  II. 3;  however,  the  exit  of  the  laser 
cavity  acted  In  such  a way  that  the  exit  pressure  remained  independent  of 
specific  power  loading  to  the  gas  of  up  to  400  kW/lb^/sec.  The  combined 
head  loss  at  the  laser  exit  due  to  the  SO-degree  annular  exit,  area  ratios 
at  the  exit,  frictional  effects,  and  the  opposing  flows  of  the  two  laser 
halves  acted  as  though  the  flow  at  the  exit  was  "choked. 11  Under  these  conditions 
the  laser  exit  and  10-Inch  line  back  pressure  remained  constant  during  power 
loading.  The  entrance  Mach  number  thus  decreased  with  increasing  specific 
power  Input  below  the  design  value  of  0.35  for  the  highest  specific  input 
powers  reported  herein.  The  cold  flow  pressure  drops  throughout  the  laser 
were  approximately  45  percent  across  the  entrance  electrodes,  10  percent  along 
the  laser  cavity,  and  20  to  25  percent  across  the  laser  exit  giving  a total 
pressure  drop  of  2.6  to  1.  Since  the  exit  pressure  remained  Independent  of 
the  specific  power  loading,  the  pressure  drop  across  the  electrodes  decreased 
with  Increasing  specific  power  input  due  to  the  increase  in  entrance  pressure. 
With  aligned  optics  the  cavity  pressure  ratio  dropped  by  about  10  percent  due 
to  the  reduction  in  gas  temperature  caused  by  the  extraction  of  energy  out 
of  the  cavity  in  the  form  of  laser  radiation. 

Although  only  the  laser  cavity  entrance  pressure  and  temperature,  and 
the  exit  pressure  were  measured;  a reasonable  prediction  of  entrance  and 
exit  Mach  numbers  and  temperatures  as  a function  of  specific  power  input 
can  be  made.  Recalling  that  the  subscripts  (1  and  2)  refer  to  the  entrance 
and  exit  parameters,  respectively,  solving  equation  (15)  for  (M2)  gives 

, f Pi 

(M2)  2 « ^ (1  + Y Mi2M 

The  Mach  number  (M)  is  related  to  the  massflow  rate  (m) , pressure  (P), 
temperature  (T),  gas  constant  (R),  cross-sectional  cavity  area  (A),  and  speed 
of  sound  (C)  by 


1/y 


(28) 
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If  the  Mach  number  given  by  equation  (29)  Is  at  the  cavity  entrance,  then 
the  temperature  (T),  and  hence  (C),  are  independent  of  specific  power  input, 
and  therefore, 


k k 

and  P2  5 

Mi  Mi  o 


(30) 


where  k is  a constant  M10  is  the  entrance  Mach  number  with  no  power  loading, 
and  Mj  varies  with  specific  power  loading.  Assuming  a negligible  pressure 
drop  along  the  laser  channel  with  no  power  loading,  P2  is  independent  of  specific 
power  loading  in  agreement  with  the  experimental  measurements  of  P2 
Substituting  equation  (30)  into  (28)  gives 

(M2) 2 - {1  + Y Ml2)  - 1 1 1/Y  (31) 

A similar  substitution  of  equation  (30)  into  (16)  gives 


The  specific  power  input  (Pg/m)  is  given  by  equation  (18) 

Pg/m  - Cp(T02  ~ T01)  (33) 

The  entrance  Mach  number  versus  specific  power  input  is  plotted  In 

figure  12.  This  plot  Is  obtained  by  incrementing  M,  from  M10  * 0.44  to 

2 1 

Mx  * 0,30  In  equation  (31),  using  (M2)  in  equation  (32),  and  solving  for 
(Pg/m)  with  equation  (33).  Figure  12  corresponds  to  a condition  with  Tx  » 300°K, 
y * 1.56,  Cp  * 1075  j/lbm°K,  Pi  ■ 26  torr,  and  m per  laser  side  of  0.068  lbm/sec 
using  the  stated  optimum  gas  mixture. 

Pressure  measurements  were  made  while  generating  the  voltage/current 
characteristics  for  figure  11.  Figure  11  shows  the  entrance  pressures 
measured  under  the  conditions  of  0,  0.5,  and  2.5  amps  for  four  cavity  pressures 
from  15.5  torr  to  31  torr.  Plotted  in  figure  12  are  the  corresponding  measured 
entrance  Mach  numbers  for  the  conditions  n * 0 (all  electrical  input  power  con- 
verted to  gas  heating)  and  n ■ 0.25  (75  percent  of  the  electrical  input  power 
converted  to  gas  heating,  25  percent  to  laser  output  power).  The  good  agree- 
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ENTRANCE  MACH  NUMBER 


CALCULATED- 


7=1.56 

Cp=1075j/lbm  °K 
T , = 300  "K 


200  300  40 

SPECIFIC  POWER  INPUT  TO  GAS  (kw/lb^/sec) 


Figure  12.  Entrance  Mach  Number  Versus  Specific  Power 
Input  to  Gas 


ment  between  the  calculated  entrance  Mach  number  and  the  experimental  Mach 
numbers  for  n a 0.25  confirms  that  the  assumption  made  in  section  II. 3 is 
valid.  That  assumption  was  that  the  extracted  laser  power  represents  a 
fractional  loss  of  the  total  electrical  power  input  to  the  laser  channel. 

Using  equations  (31)  and  (32),  the  exit  Mach  number  and  temperature  are 
plotted  in  figure  13  for  Increasing  specific  power  inputs.  The  highest  out- 
put power  of  the  laser  was  attained  with  a specific  input  power  to  the  laser 
channel  of  400  kW/1bm/sec.  The  exit  Mach  number  and  temperature  have  an  up- 
per limit  bounded  by  n * 0 and  Pg/m  = 400  kW/lbm/sec  as  shown  on  figure  13 
and  the  upper  limits  on  exit  Mach  number  and  temperature  probably  lie  near 
the  n a 0.25  region.  The  exit  Mach  number  and  temperature  Is  expected  to 
lie  between  0.59  < M2  < 0.63  and  535°K  < T2  < 610°K. 

2.  CURRENT  REGULATOR 

The  effectiveness  of  the  regulator  was  investigated  under  typical  dis- 
charge conditions  with  optical  laser  extraction.  Figures  14a,  b,  and  c show 
the  transient  turn  on  characteristics  of  the  power  supply  voltage,  discharge 
current,  and  discharge  voltage.  These  oscillograms  were  taken  with  the  laser 
operating  at  a cavity  pressure  (cold)  of  19  torr,  discharge  current  per  cavity 
side  of  1.65  amps,  discharge  voltage  of  9.8  kV,  and  a mass  flow  rate  of  93  mlb^ 
sec.  Corresponding  to  these  conditions  the  power  supply  voltage  was  14.4  kV, 
resulting  in  a nominal  voltage  across  the  regulator  of  2500  V and  a laser  output 
power  of  8.1  kW. 

The  power  supply  voltage  shown  in  figure  14a  is  up  to  normal  operating 
voltage  under  2 milliseconds  with  a ripple  of  6.0  percent  rms  which  Is  2440 
volts  (p-p)  for  the  stated  voltage  of  14.4  kV.  Under  certain  power  line  con- 
ditions, it  was  observed  that  the  power  supply  took  two  cycles  to  reach  oper- 
ating voltage  although  80  percent  of  this  value  was  always  attained  in  less 
than  2 milliseconds.  Figure  14b  shows  the  transient  suppression  by  the  regu- 
lator of  the  first  three  cycles  of  power  supply  with  the  final  operating  current 
being  attained  in  10  milliseconds.  The  corresponding  discharge  current  ripple 
is  6.3  percent  rms  or  0.59  amp  (p-p)  for  the  total  current  of  3.3  amps.  The 
discharge  voltage  is  shown  in  figure  14c  as  a series  of  positive  spikes  with 
a slight  decay  toward  the  next  on  cycle  of  the  power  supply.  The  Initial  turn 
on  is  characterized  by  an  overvoltage  to  start  the  discharge  followed  by  the 
10-millisecond  Increase  in  voltage  controlled  by  the  regulator. 

These  measurements  allow  the  actual  operation  of  the  regulator  to  be  com- 
pared with  that  predicted  by  equation  (14).  Using  values  of  vs  « t 1220  volts, 
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EXIT  TEMPERATURE  (°K) 


SPECIFIC  POWER  INPUT  TO  GAS  (kw/l bm"K  /sec) 


Figure  13.  Exit  Temperature  and  Mach  Number  Versus  Specific  Power 
Input  to  Gas 


EXIT  MACH  NUMBER 


Power  Supply  Voltaae 
Vertical:  2.94  Kv/cm 
Horizontal:  5 ms/cm 


Dlscharqe  Current 
Vertical:  0.65  amps/cm 

Horizontal:  10  ms/cm 


Discharge  Voltage 
Vertical:  2.18  Kv/cm 

Horizontal:  5 ms/cm 


Figure  14.  Oscillograms  of  Electrical  Discharge 
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vdo  “ °>  and  rd  ° + ohms  (from  figure  11),  equation  (14)  gives  1^  « +0.081 

amp  per  laser  side.  The  regulator  performance  Is  worse  by  a factor  of  (0.59)/ 
(2) (0.081 ) (2)  « 1.8  than  that  predicted.  This  discrepancy  In  regulation 
and  the  positive  voltage  spikes  of  figure  14c  are  now  discussed. 


As  the  power  supply  voltage  Is  increased  to  operate  the  laser  at  higher 
output  power  levels,  the  regulators  lose  their  ability  to  control  the  discharge 
current  against  variations  Induced  by  the  power  supply  ripple.  The  action 
of  the  regulator  Is  to  decrease  Its  voltage  for  decreasing  power  supply  voltage 
cycles  in  order  to  deliver  constant  current  to  the  discharge  load.  At  the 
suggested  regulator  operating  condition  of  2500  volts,  It  Is  possible  for  the 
plate-cathode  voltage  of  the  8166  tubes  to  swing  below  the  voltage  required 
to  maintain  the  0A2  and  0B2  regulator  tubes  active.  This  results  In  the  power 
supply  ripple  modulating  the  screen  and  grid  voltages  with  a corresponding 
loss  In  module  current  regulation.  Furthermore,  the  tube  plate  voltage 
approaches  the  region  where  the  tube  characteristics  become  nonlinear  and 
the  dynamic  Impedance  contributed  by  the  regulator  approaches  zero. 

Measurements  indicated  that  the  module  voltage  must  remain  above  2000 
volts  In  order  that  the  screen  voltage  remain  regulated,  above  1400  volts 
for  the  grid  voltage  to  remain  regulated,  and  above  1000  volts  to  prevent 
the  tube  characteristics  from  becoming  nonlinear.  Hence,  the  desired 
operation  of  the  power  supply  up  to  20  kilovolts  implies  that  the  regulators 
should  be  operated  near  3700  volts  assuming  a power  supply  ripple  of  6 percent 
rms.  This  modification  Is  not  necessary  since  the  primary  purpose  of  the 
regulator  is  to  keep  the  discharge  current  from  Increasing  Into  an  unstable 
region.  This  requirement  Is  satisfied  since  the  plate  voltage  always  Increases 
above  the  nominal  2500  volts  for  Increasing  changes  In  discharge  current. 

Referring  back  to  figures  14b  abd  14c,  It  Is  clear  that  the  negative 
spikes  In  the  discharge  current  and  the  positive  spikes  In  the  discharge 
voltage  are  caused  by  the  regulator  module  voltage  dropping  from  2500  to 
1280  volts  on  the  negative  cycles  of  the  power  supply  ripple.  Further  tests 
were  conducted  by  operating  the  modules  at  3500  volts  under  the  discharge 
conditions  of  this  section.  The  discharge  current  ripple  was  2.9  percent 
rms  or  0.27  amps  (p-p)  for  the  total  current  of  3.3  amps.  The  regulator 
now  performed  « 15  percent  better  than  that  predicted  by  equation  (14). 


This  Increase  In  predicted  performance  Is  probably  due  to  the  Increase  In  u 
of  the  tube  with  Increased  plate  voltage. 

Although  the  analysis  of  this  section  is  based  upon  observing  the  change 
in  discharge  current  Induced  by  power  supply  variation,  a review  of  equation 
(14)  Indicates  that  these  measurements  also  give  the  change  in  current  for 
an  equal  percentage  change  In  discharge  voltage  with  v set  equal  to  zero. 
Equation  (14)  could  be  used  to  predict  the  effects  of  power  supply  variations 
coupled  with  discharge  voltage  changes  on  the  output  laser  power  due  to  pertur- 
bations In  the  cavity  pressure  and  temperature.  Neglecting  the  current 
ripple  Induced  at  the  power  supply  frequency,  the  regulator  maintained  the 
discharge  current  within  a few  percent  of  nominal  operating  value  both  during 
and  from  run  to  run.  The  ripple  of  the  power  supply  could  be  further  reduced 
by  using  a standard  filter  section;  however,  this  would  increase  the 
complexity  of  the  laser  system  and  Increase  the  risetime  of  the  output  laser 
power. 

3.  POWER  OUTPUT 

Using  a ZnSe  output  coupler  coated  In  accordance  with  section  II. 5,  the 
laser  was  operated  over  the  cold  flow  cavity  pressure  range  of  15  to  35  torr. 
The  gas  mixture  was  experimentally  adjusted  until  the  laser  performed  at  a 
high  combined  electrical  and  mass  flow  efficiency.  The  optimum  gas  mixture 
by  mass  flow  rate  ratio  was  He:N2:C02  ■ 0. 32 r 0. 52 ; 0. 1 6 . This  mixture  resulted 
in  uniform  stable  discharge  performance  at  power  outputs  up  to  15  kW  at  a 
specific  power  output  of  100  kW/1bm/sec  and  a nominal  electrical  to  optical 
efficiency  of  25  percent.  An  efficiency  slightly  higher  than  25  percent  was 
achelved  for  a substantial  increase  in  percent  of  both  C02  and  N2.  This 
increase  in  N2  and  C02  results  in  a gas  mixture  with  significantly  reduced 
specific  heat  and  higher  operating  voltages.  This  more  efficient  mixture  was 
not  considered  as  optimum  because  of  the  decreased  specific  output  power  and 
instability  of  the  discharge  at  the  required  higher  operating  voltages. 

The  laser  operated  reliability  at  a specific  power  output  of  100  kW/lbm/ 
sec  uo  to  a total  output  power  of  15  kilowatts.  The  combination  of  higher 
discharge  voltages  and  turn  on  transients  of  the  power  supply  at  higher  output 
power  levels  resulted  In  either  the  primary  circuit  breakers  tripping  or  the 
discharge  separating  Into  streamers  with  arcing.  Both  of  these  problems 


I 


I 


rould  be  circumvented  by  reducing  the  specific  Input  power  end  selecting  e more 
specialized  (higher  cost)  power  supply.  The  parameters  for  a 15-kW  run  are  as 


follows: 

Power  Output  - 15.4  kW 


Discharge  Current  - 4.0  amps 

Discharge  Voltage  - 15.  1 kilovolts 

Mass  Flow  Rate  - He:N2:C02  - 48:78:24mlb|n/sec 


Cavity  Pressure  - 30.0  torr  (no  load) 
42.7  torr  with  load) 


Power  Supply  Voltage  - 20.1  kilovolts 
Specific  Power  to  Gas  - 300  kW/lbm/sec 
Specific  Power  Output  - 103+7.3  kW/lbm/sec 
Electrical  to  Optical  Efficiency  - 25.5  +1.3  percent 

The  total  "wall  plug"  efficiency  for  the  above  data  including  losses  in  the 
power  supply  current  regulator  system,  and  the  tube  heater  filaments  is  17 

percent. 


At  discharge  voltages  and  currents  approaching  the  above  listed  data 
(15  kilovolts  and  4 amps),  the  discharge  starts  to  separate  into  streamers 
near  the  cathode  exit.  Stable  discharge  performance  for  output  powers  of  15 
kilowatts  and  above  were  obtained  by  lowering  the  discharge  current  and 
increasing  the  discharge  voltage.  The  higher  discharge  voltage  can  be  brought 
about  by  either  increasing  the  total  mass  flow  rate  or  the  percentage  of  N2. 

Either  case  results  in  the  laser  operating  at  a 1ov«r  specific  output  power. 

The  highest  output  power  using  this  method  was  near  17  kilowatts. 

The  output  power  can  be  continuously  adjusted  over  the  range  of  0.5  to  15 
kilowatts  by  adjusting  the  discharge  voltage,  the  discharge  current,  and  the  active 
gain  length.  The  discharge  voltage  is  adjusted  over  the  range  of  8 to  15  kilo- 
volts by  control  of  the  mass  flow  rate  and  hence,  the  entrance  cavity  pressure 
(see  figure  11).  The  six  current  regulators  can  be  adjusted  over  the  range  of 
(0.25)  6-1.5  amps  to  (0.7)  6 - 4.2  amps.  The  gain  length  can  be  reduced  by  a 
factor  of  two  by  connecting  the  high  voltage  output  of  only  three  regulator  tubes 
to  one  side  of  the  laser.  Reference  to  figure  10  and  section  II. 5 would  suggest 
that  for  two  laser  sides  g0L  « 1.22  (naxt  - 0.8)  and  for  one  laser  side  g0L  - 0.61 
(n  * 0.7).  Since  the  extraction  efficiency  Is  nearly  the  same  for  one  laser 
sidTas  two  laser  sides  combined,  the  output  power  for  one  side  Is  slightly  less 
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than  one  half  of  that  attained  with  two  sides.  An  additional  reduction  In  output 
power  Is  finally  obtained  by  running  one  laser  side  with  one  regulator  tube  con- 
nected to  all  16  ballast  resistors  over  the  range  of  current  of  0.25  to  0.7  amp. 

The  above  techniques  give  a continuously  variable  range  of  30  to  1 in  output  power. 
Although  it  was  possible  to  lower  the  output  power  by  decreasing  the  percentage 
of  C02.  the  output  beam  quality  did  not  remain  uniform  at  the  lower  output 
power  levels.  The  measured  electrical  to  optical  efficiencies  under  identical 
discharge  conditions  for  one  and  two  laser  sides  operating  were  ntot  3 0,22 
and  0.26,  respectively. 

Measurements  of  the  spatial  characteristics  of  the  output  beam  were 
determined  with  the  aid  of  plexiglass  burn  Impressions  obtained  In  front  of 
the  output  coupler  (near  field)  and  at  various  positions  along  the  way  to  the 
focal  plane  (far  field)  of  a mirror  having  a 2-meter  radius  of  curvature.  The 
beam  profile  was  uniform  and  circular  having  a nearly  ideal  "top  hat"  profile 
with  Insignificant  peak  to  trough  modulation.  Deviation  from  a uniform  top 
hat  profile  only  occurred  in  the  vlnclnlty  of  the  focal  plane  of  the  mirror 
with  a measured  peak  to  trough  modulation  of  about  5 to  10  percent.  A scanning 
pyroelectric  detector  verified  the  above  results. 

The  temporal  history  of  the  power  output  was  recorded  with  a pyroelectric 
detector  filtered  for  frequencies  above  kilohertz.  The  output  beam  was  basic- 
ally a replica  of  the  time  history  of  the  discharge  current.  The  temporal 
behavior  of  the  output  power  was  predominantly  characterized  by  a 5 percent  rms 
ripple  at  360  hertz  in  agreement  with  the  results  of  section  1 1 1. 2.  Neglecting 
the  effects  of  the  ripple  frequency,  the  output  power  fluctuated  less  than  a 
few  percent  from  the  mean  for  runs  up  to  10  seconds  In  duration.  The  shot-to- 
shot  variation  In  power  output  was  also  under  a few  percent  although  the  optics 
had  to  be  readjusted  at  times  after  25  runs.  The  gradual  accumulation  of  heat 
in  the  optical  supporting  structures  (the  glass  laser  cavity  Itself)  caused  a 
slight  misalignment  of  the  optics.  Under  these  conditions,  the  beam  profile  , 
differed  slightly  from  circular  and  hence  the  output  power  was  reduced  by  a 
small  amount.  The  laser  generally  operated  within  5 percent  of  a preset  power 
for  greater  than  100  runs  without  the  need  for  optical  fine  tuning. 

The  output  beam  divergence  was  measured  by  taking  plexiglass  burn 
impressions  at  1.,  2,  and  3 meters  from  the  output  coupler  giving  a half-angle 
divergence  of  3.3  mil  11  radians.  The  effective  diffraction  number  was 
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determined  by  measuring  the  minimum  laser  beam  spot  size  In  the  focal  planes 
of  0.5,  1,  and  1.5  meter  focal-length  mirrors. 

The  diffraction  r.urker  ('■!)  may  he  defined  as 


(jj/^t|  theoretical 
Pjj  experimental 


1/2 


(34) 


where  ( P^/P^ ) is  the  fraction  of  total  power  (Pt)  from  a gaussian  beam  that 

resides  In  the  central  Airy  Disk  of  the  diffraction  limited,  far-fleld  beam 
pattern.  For  the  case  of  the  Ideal  diffraction  limited  gaussian  beam,  the 
theoretical  value  of  (pyp^)  is  * 0.86. 

The  total  power  (Pt)  In  the  "top  hat"  beam  profile  of  the  EDCL  at  the 
focal  plane  of  a mirror  is  the  area  (A)  times  the  intensity  (I)  of  the  focussed 
spot.  The  power  (P^)  is  the  intensity  (I)  times  the  area  of  the  diffraction 
limited  spot.  The  diameter  (w)  of  the  diffraction  limited  spot  is  related  to 
the  diameter  (D)  of  the  incident  radiation  at  wave  length  (x)  on  a mirror  of 
focal  length  (f)  by 


The  experimental  value  of  (P^/P^.)  is  thus: 
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Using  x « 10  cm;  f s 0.5,  1.0,  1.5  m;  D 3 10  cm;  and  the  measured  minimum 
spot  areas  for  the  three  different  focal  length  mirrors  in  equation  (36),  gives 
an  average  value  of  (P^/P^)  a 2.3  x 10"  . The  effective  diffraction  number  (N) 
given  by  equation  (34)  is 


N * 


0,86 

2.3  x li* 


1/2 
* 60 
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The  very  large  value  of  N Is  further  evidence  of  the  many  high  order 
transverse  modes  operating  simultaneously  in  the  high  Fresnel  number  EDCL 
resonator.  The  above  data  also  gives  an  algorithm  which  relates  the  fodused 
spot  size  (d)  to  the  mirror  focal  length  (f)  by 


d - 160  (££) 


(37) 


The  total  energy  deliverable  by  the  laser  in  a run  is  limited  by  the 
filling  time  of  the  gas  reservoir  and  the  thermal  fracture  limit  of  the  ZnSe 
window.  The  maximum  allowable  thermal  stress  in  the  window  is  approximately 
given  by 


°»«  * (aY)2T 


(38) 


where 

2 

c “ 6000  Ib^/in  , maximum  stress 
2 

(aY)  a 70  lbr./in  °K,  product  of  thermal  coefficient  of  expansion 

and  Young's  modulus 


aT  a average  temperature  rise  in  (°K)  of  the  irradiated  window  area 
(assuming  that  the  perimeter  of  the  window  remains  at  ambient 
temperature) 


The  average  temperature  rise  of  the  window  Is  approximately  given  by  the 
one-dimensional,  steady-state  solution: 


a T 


(1 


+ l/t)as  + 0O£ 

Aiptr 


- E 


(39) 


where 


t » transmission  of  window 
a$  3 surface  coating  absorption  on  window 
eo  3 bulk  absorption  of  window  material  (cm"  ) 

i a thickness  of  window  material  (cm) 

2 

A « area  of  laser  beam  through  window  (cm  ) 

3 

p * density  of  window  material  (gm/cm  ) 

3 

Cp  3 specific  heat  of  window  material  (j/cm  °K) 

E « laser  energy  transmitted  through  the  window  (joules) 


The  values  of  the  above  constants  for  ZnSe  used  as  a window  on  the  EDCL  are 
t “ 0.25 


0.001  < gQ  < 0.005  (’em"1) 


i i « 0.95  cm 
A -66  cm2 
pCp  » 1.9  j/cm3  °K 

Using  the  values  of  absorption  which  will  give  the  highest  temperature  rise, 
equation  (39)  gives 


AT  a 1.2  x 10~“  E 


(40) 


Statistically,  ZnSe  windows  fracture  at  a stress  of  about  4000  Ib^/in2. 
Substituting  equation  (40)  into  (38)  gives  a limit  on  the  laser  output  energy 
of 

E < 42® « 475  kilojoules 

(70)(1.2  x 10“*) 

As  mentioned  in  section  II.5,  the  ZnSe  output  coupler  had  a measured  total 
attenuation  of  * 0.025.  The  values  of  a$  * 0.002  and  0o  * 0.005  give  a total 
attenuation  of  « 0.01.  It  is  assumed  that  the  discrepancy  between  the  measured 
and  predicted  attenuation  is  due  to  the  difficulty  in  measuring  the  coating 
losses  on  a two-sided  window  where  there  can  be  appreciable' scatter  from 
the  surfaces  and  throughout  the  bulk  material.  If  we  assume  the  attenuation 
of  0.025  is  due  to  poor  coatings,  then  the  values  of  the  surface  and  bulk 
absorption  could  be  as  high  as  * 0.01  and  6o  =>  0.005.  These  absorption 
values  substituted  in  equation  (39)  give  an  energy  limit  of  E < 125  kilojoules. 

The  above  predictions  of  the  transmitted  energy  limit  neglected  the  loss 
of  absorbed  window  energy  which  occurs  due  to  radial  conduction  and  surface 
convection.  The  energy  limit  as  calculated  is  pessimistic. 

The  EDCL  has  been  operating  with  the  same  ZnSe  window  for  greater  than 
2400  minutes  of  lasing  time.  This  corresponds  to  28,000  runs  of  5 seconds 
each  at  an  average  power  output  of  10  kilowatts  giving  a total  transmitted 
energy  in  excess  of  1.4  gigajoules.  During  this  period  of  operation,  an  energy 
limit  of  100  kilojoules  was  employed  and  no  appreciable  heating  of  the  output 
coupler  ever  occured.  The  completed  AFWl  EDCL  is  shown  in  figure  15. 
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"i^ure  15.  AFHL  Electric  Cischaroe  Coaxial  Laser  S vs  ter- 


SECTION  IV 


CONCLUSIONS 

A high  output  power  laser  device  offering  simplicity  of  construction,  low 
cost,  high  reliability,  and  “push  button“~type  operation  has  been  built  and 
demonstrated.  The  EDCL  system  extracts  power  in  excess  of  15  kilowatts 
routinely  at  a nominal  electrical  efficiency  of  25  percent  and  a mass  flow 
efficiency  of  100  kW/lbn|/sec.  The  output  beam  intensity  is  circular,  uniform, 
temporally  stable,  and  repeatable  within  5 percent. 

The  technique  of  introducing  controlled  aerodynamic  forces  on  the  gas 
entering  a laser  cavity  can  be  used  to  produce  and  stabilize  large  volume, 
high  power  gas  discharges.  The  success  of  operating  the  EDCL  at  the  maximum 
output  power  Is  based  upon  the  availability  of  ZnSe  material  in  large  sizes 
that  can  te  appropriately  coated  to  serve  as  both  an  output  window  and 
reflective  component  of  an  optical  resonator. 
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APPENDIX 


MEASUREMENT  STANDARDS 

The  measurements  reported  are  based  upon  the  following  calibrated  standard*. 

and  were  recorded  within  the  indicated  accuracy: 

Current  and  Voltage  (1%)  - Fluke  Model  8100A  digital  multimeter 

Static  Cavity  Pressure  (2%)  - Wallace  and  Tiernan  Model  FA160 

absolute  gage 

Mass  Flow  Rate  (5%)  - Standard  sharp-edged  sonic  orifices  with  upstream 

pressures  referenced  against  a Heise  absolute  pressure 
gage 

Temperature  (5%)  - Standard  chrome! -alumel  junction  with  indicated  output 

on  a Keithley  Model  155  Null  Detector  Microvoltmeter 

Optical  Power  Output  (5%)  - Coherent  Radiation  Model  213  power  meter 

referenced  against  a RDF  Corp.  (Hudson,  N . H . ) 
Model  28900  hollow-copper  cone  calorimeter 
(This  device  can  be  electrically  calibrated 
via  an  internal  heat  source  to  within  1 percent). 
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